Although growth hormone is known to be the main regulator of insulin-like growth factor-I, insulin has also been shown to play a role in regulating serum insulin-like growth factor I levels in diabetic animals. While this effect is thought to be due to correction of metabolic perturbations, some studies have suggest that insulin may have a direct effect on growth and/or insulin-like growth factor-I levels. We have examined the effects of acute and chronic insulin administration to non-diabetic, pituitary-intact and hypophysectomised rats. Rats were injected intraperitoneally with insulin as an acute bolus (10 U) or a chronic subcutanious infusion (low dose; 2.4 U/day, high dose; 12 U/day) over 5 days. Insulinlike growth factor-I mRNA was quantitated by Northern and slot blots of RNA from various tissues. A small (less than 2-fold) but significant increase (p< 0.05) was seen in hepatic insulin-like growth factor-I mRNA abundance in pituitary-intact rats following acute insulin injection and chronic low dose insulin infusion. An increase in insulin-like growth factor-I mRNA levels was also seen in other tissues including diaphragm, lung, kidney and heart. A significant increase (p < 0.05) in serum insulin-like growth factor-I levels was also observed 6 h after insulin injection. In contrast, in pituitary-intact rats which received high dose insulin infusion and were hypoglycaemic at the time of death, tissue levels of insulin-like growth factor-I mRNA were reduced compared to salinetreated control groups. Similarly in the hypophysectomised rats neither acute nor chronic insulin administration had any consistent effect on insulin-like growth factor-I mRNA abundance in any of the tissues examined. This data suggests that insulin has no direct effect in regulating insulin-like growth factor-I gene expression. The small effects demonstrable in pituitary-intact rats may result from a synergistic action of insulin with growth hormone or other pituitary factors.
Both clinical studies and studies in experimental animals have established that growth hormone (GH) promotes the generation of circulating somatomedin activity in GH deficient states [1, 2] . Insulin-like growth factor-I (IGF-I) accounts for the majority of plasma somatomedin bioactivity [2] . Since IGF-I can mimic the growth promoting effect of GH in the hypophysectomised (hypox) rat, IGF-I is thought to mediate many of the actions of GH on its target tissues [3] . GH is the major regulator of circulating IGF-I levels and is thought to be the main, but not the only regulator of tissue IGF-I expression [4, 5] . The finding of normal levels of IGF-I and catch-up growth in children with low or absent GH responses to stimulatory tests following craniopharyngeoma removal [6] suggests that factors other than GH may be important in normal growth. While both cortisol and thyroxine in addition to GH have been found to be necessary to normalise growth in hypox animals [7] , clinical observations suggest that insulin also may play a role in regulating IGF-L Poor growth and short stature with low IGF-I and normal or elevated GH levels have been reported in the poorly controlled diabetic child [8] . Improvement in growth and normalisation of plasma IGF-I levels accompanies improved blood sugar control [8] . Furthermore, normal growth and IGF-I levels can be achieved in the presence of suppressed GH levels in obese, hyperinsulinaemic individuals [9, 10] .
In the streptozotocin-treated, diabetic rat, circulating IGF-I levels are significantly reduced in untreated animals and return to normal after institution of insulin therapy [11] . However, it is not clear whether this effect is a direct effect of insulin on IGF-I expression or a consequence of normalisation of hypothalamic-pituitary GH and somatostatin interactions. Griffen et al. have recently provided evidence that insulin delivered via the portal circulation is more potent than systemic insulin in normalising growth in diabetic rats, suggesting a direct insulin action in the liver on IGF-I expression [12] . In vitro studies using rat hepatocyte monolayers [13, 14] or isolated perfused livers [15, 16] have demonstrated that insulin results in a dose-dependent release of immunoreactive and/or bioactive IGF-I from this organ. It remains unresolved as to whether insulin has any direct effects on hepatic IGF-I mRNA. Furthermore, there are no data which directly addresses the role of insulin in regulation of IGF-I expression in non-hepatic tissue where IGF-I may have important autocrine or paracrine actions [17] .
In this study, we have utilised RNA blot hybridisation to examine the effect of acute and chronic ad-349 ministration of insulin to non-diabetic pituitary-intact and hypox rats on IGF-I expression in hepatic and nonhepatic tissues.
Materials and methods

Animals
Adult female Sprague-Dawley rats, 60-65 days of age were obtained from the University of Manitoba breeding facility (Winnipeg, Canada). Hypox male rats were purchased from Charles River Canada (St. Constance, Quebec, Canada) and acclimatised in holding cages for approximately 1-2 week. Only rats which fullfilled the criteria previously established in this laboratory were considered hypophysectomised [18] . All rats in each study were allowed water and food ad libitum.
Acute studies
Groups of 5 pituitary-intact or hypox rats received a single i.p. injection of 10 units of regular insulin (Connaught Novo, Novo Industries, Toronto, Ontario, Canada, human insulin) and were killed 15, 30, 60 or 180 min after injection. Some rats were also killed 360 min after insulin injection for determination of serum glucose, GH and IGF-I. Control rats received an equ3[valent volume of saline and were killed within 1 h after injection. In addition to insulin, hypox rats received 0.5 ml of 5% dextrose solution i.p. to prevent hypoglycemia. In these hypox rats only the liver was analysed for IGF-I mRNA and no determinations of serum glucose or IGF-I were made.
Chronic studies
Alzet minipumps (Alzet, No 2001, Palo Alto, Calif., USA) were implanted under ketamine anaesthesia (250 mg/kg) in the dorsal subcutaneous tissue of hypox or' pituitary-intact rats. All rats received an i. p. injection of 0.5 ml of 5% dextrose following implanation of the pump. Pituitary-intact rats which received insulin were implanted with pumps which delivered either a low-dose of insulin, 2.4 U/day (U 100 Connaught Novo) or a higher dose of insulin, 12 U/day (U 500, Connaught Novo). In the chronic insulin study where hypox rats were utilised, only the lower dose insulin pumps were used. Control, pituitary-intact or hypox rats were implanted with pumps filled with saline and otherwise treated in an identical fashion to animals implanted with insulin pumps. A group of sham-operated, but not pump-implanted hypox rats were also included, however, these animals did not differ significantly from saline-pump animals and data from this group of rats has been grouped together with the saline pump hypox rats. Of the 8 hypox rats implanted with insulin pumps, 3 were found dead on the second or third day after surgery. There were no deaths in the pituitary-intact rats or hypox rats which were sham-operated or which were implanted with saline containing pumps. All animals were killed after 5 days, and body weight, serum glucose, GH and IGF-I levels were determined.
RNA Extraction and hybridisation
RNA was extracted using the guanidium isothiocyanate/cesium chloride technique [19] from pooled organs (2 10 per preparation) except for the liver where individual rat liver samples were processed separately. Where stated, total cellular RNA was enriched for poly (A) + RNA by a single cycle of oligo(dT)-cellulose affinity chromatography [20] . RNA was analysed by electrophoresis in a 1% agarose formaldehyde gel and transferred to nitrocellulose filters. In addition, each RNA sample was also analysed by slot-blot hybridisation. All RNA samples were analysed on at least two separate occasions. Filters were hybridised as previously described [18] with rat IGF-I cDNA labelled by nick-translation to a specific activity of approximately 108 dpm/ug DNA. This cDNA probe recognises all variant IGF-I mRNA so far described. Filters were also hybridised with a 28s ribosomal probe as a control for gel loading [21] . Multiple autoradiograms of varying exposure duration were analysed by densitometry. Signal intensity was expressed as a percentage of control. The initial slope of the relationship between signal intensity and RNA applied was used for quantitation of slot-blot hybridisations as previously described [22] .
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Glucose and hormone assays
Serum glucose concentrations were measured using a glucose oxidase system (Sigma, St. Louis, Mo, USA). Serum GH was measured by radioimmunoassay. IGF-I concentrations were measured in acidethanol extracts of serum by a specific double antibody radioimmunoassay. Reagents were supplied by the National Hormone and Pituitary Program, (Baltimore, Md, USA). IGF-I results are expressed as U/ml where 1 unit is equivalent to 940 ng of human recombinant IGF-I (Amgen Biologicals, Thousand Oaks, Calif, USA). The sensitivity and precision of these assays has been previously reported [18] .
Statistical analysis
Data are expressed as the mean + SEM. Student's t-test was used to determine the significance of differences between control and treated groups.
Results
Acute administration of insulin to pituitary-intact rats resulted in a significant fall in serum glucose concentration within 30 min and reached a nidir at 3 h after injection (1.4+0.1 mmol/1). Although serum glucose fell, there was no significant changes in G H following insulin injection. IGF-I levels were significantly elevated 6 h after insulin injection (1.22+0.22 vs 0.67+0.08 U/ml, p<0.005). When the relative abundance "of IGF-I mRNAs was quantitated from either Northern blots (data not shown) or slot-blot hybridisation experiments there was a small but significant increase (p<0.05) in hepatic IGF-I m R N A abundance (Fig. 1) . Similarly, an increase in IGF-I m R N A was apparent in the lung and diaphragm, however, the magnitude of the increase was small with a less than two-fold increase in IGF-I m R N A after acute bolus injection of insulin (Fig. 1) .
Since acute administration of insulin had little effect on IGF-I m R N A abundance, we next examined the effect of chronic insulin administration. Rats given a continous subcutaneous insulin infusion of 0A U / h had serum glucose, G H and IGF-I levels which were not significant different from animals implanted with saline containing pumps. In all tissues examined, the abundance of IGF-I m R N A in the insulin treated rats was increased compared to saline control rats, however, the increase was small in magnitude with the maximum increase of approximately 2-fold occuring in the liver and diaphragm (Fig. 2) . In the liver, where it was possible to quantitate IGF-I m R N A abundance in individual rat samples, the difference between insulin and saline treated rats was statistically significant, p < 0.05 (Fig. 2) .
To further characterise the effect of chronic insulin administration on IGF-I expression, normal rats were a Sham-operated rats (n = 7) and saline pump rats (n = 3) have been considered as a single group; b Body gain was calculated after substraction of implanted pump weight; c indicates p < 0.05 for the differences between insulin-treated and control rats 351 most marked in hepatic, pulmonary and adipose tissues.
To determine whether subtle perturbations in endogenous GH release may be masking insulin effects on tissue IGF-I expression, we examined the effects of acute and chronic administration of insulin to hypox rats. In the acute insulin study with hypox rats, it was necessary to simultaneously administer dextrose to prevent hypoglycaemia; therefore, no determinations of serum glucose were made. In these hypox rats, acute administration of insulin had no consistent effect on the abundance of hepatic IGF-I mRNA.
In hypophysectomised rats which were implanted with insulin containing minipumps, a significant increase (p< 0.05) in body weight gain was seen (Table 1) . This was consistent with the increased amount of adipose tissue apparent at, the time of death in these animals. Serum IGF-I and glucose concentrations were not significantly different from the control rats in hypox rats implanted with insulin-pumps. Autoradiograms of Northern blots of RNA from hypox rats infused with insulin and saline are shown in Figure 3 . No consistent differences in tissue IGF-I mRNA levels were found between sham-operated control rats, saline-pump control rats and insulin-pump treated hypox rats.
Discussion
Several mechanisms to account for the apparent growth promoting effects of insulin have been proposed. In vitro studies have demonstrated that insulin may act via the type I IGF receptor [23] or less commonly via its own receptor [24] to exert a mitogenic response [23] . Insulin action via the type I IGF receptor is only observed at micromolar concentrations, concentrations which are unlikely to be encountered in vivo. In addition to these direct mechanisms, insulin may potentiate the action or enhances the local synthesis of growth factors including the IGFs. Furthermore, insulin may increase the number of GH receptors in target tissues [251 or potentiate GH signal transduction at some post-receptor step [11] and in this way increase IGF-I synthesis.
Poorly controlled diabetic animals have low circulating somatomedin levels and treatment with insulin increases IGF-I levels and results in growth [26] [27] [28] . This observation is supported by in vivo studies where increasing amounts of insulin added to perfused rat livers results in an increase in somatomedin activity in the perfusate [13, 15, 16] . However, Schalch et al. found no increase in IGF-I levels in the perfusate of normal rat levels despite the use of pharmacological doses of insulin [7] suggesting that in the non-diabetic situation insulin may have little effect on hepatic IGF-I expression.
Early studies in hypox rats demonstrated that insulin did stimulate both body weight gain and axial growth in hypox rats although the effect was predomi-nantly to increase adiposity [29] . Clinical observations also suggest that insulin may be important in skeletal growth. Growth, despite apparent growth hormonedeficiency has been reported in obese, hyperinsulinaemic children [6, 9] and poor growth despite high GH concentrations and low insulin occurs in some cases of protein-calorie malnutrition [30] . These observations suggests that insulin may have direct growth effects or potentiate the effect of very low levels of circulating GH.
In this study, we have examined the effect of insulin on hepatic and non-hepatic IGF-I gene expression in both normal and hypophysectomised nondiabetic rats. An acute injection of insulin had no significant effect on hepatic IGF-I mRNA abundance in hypox rats; however, a small increase in IGF-I mRNA was seen 1-3 h after insulin injection in the liver, lung and diaphragm of pituitary-intact rats. A significant increase in circulating IGF-I was also apparent 6 h after insulin injection. Similarly, in pituitary-intact rats which were implanted with pumps which delivered the lower insulin dose a small increase in IGF-I mRNA abundance was seen in many tissues. Since it was necessary to pool non-hepatic tissues to obtain sufficient RNA, it is not possible to determine whether these small difference in IGF-I expression were statistically different. The higher insulin infusion rate in normal rats was not accompanied by increase in tissues IGF-I mRNA. However, these animals were hypoglycaemic at the time of death and the counterregulatory response (e.g. cortisol) may itself have effects on GH-IGF-I signal transduction. Alternatively, chronic hyperglycaemia may suppress pituitary GH release in the rat, since acute hypoglycaemia in the rat in contrast to man suppresses rather than stimulates GH release [31] . In addition to any effect insulin has on IGF-I gene expression, insulin may also effect clearance of IGF-I from the circulation by an effect on IGF binding proteins [32] . This mechanism may explain the apparent discordance between changes in hepatic IGF-I mRNA and serum IGF-I concentrations in insulin-infused pituitary-intact rats.
In the hypox rat, insulin had no effect on tissue IGF-I mRNA levels suggesting that the insulin effect on IGF-I involves synergism with a pituitary factor such as GH. The hypox rats which were implanted with insulin pumps were significantly heavier (p< 0.05) that control sham-operated or saline-infused rats. These rats were not hypoglycaemic at the time of death. However, it is possible that they were hyperglycaemic at some stage throughout the 5 day study period since 3 out of 8 hypox rats implanted with insulin pumps did not survive the 5 days of the study.
The data presented here suggest that insulin has little, if any, direct effect on regulating IGF-I mRNA abundance in the tissues of the non-diabetic rats. However, insulin may potentiate the action of GH or some other pituitary factors involved in the regulation of IGF-I gene expression. Our data does not exclude a role for insulin in regulating the translation, secretion or degradation of hepatic and tissue IGF-I. Further studies are necessary to address these questions and to determine the precise role of insulin in GH induction of IGF-I expression.
